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During mammalian nervous system development, neural precursor cells first generate neurons and then
switch to astrocytes. In this issue of Developmental Cell, Namihira and colleagues show that committed
neuronal precursors and young neurons promote the production of astrocytes from the remaining neural
precursors by activating Notch signaling, leading to demethylation and upregulation of astrocyte-specific
genes via cytokine-mediated JAK-STAT signaling.Alterations in the relative numbers of
neurons and glia generated during devel-
opment may profoundly affect neural
function. The observation that during
development, neurons are generated first,
followed by a switch to glial production,
raised the attractive hypothesis that newly
generated neurons provide feedback to
neural progenitor cells (NPCs) to regulate
their subsequent cellular output. Recent
work in this issue of Developmental Cell
by Namihira et al. (2009) suggests that
NGN1-expressing cortical cells activate
Notch signaling in NPCs to promote
production of astrocytes.
A complex interaction between
extrinsic environmental cues and intrinsic
mechanisms regulates the developmental
switch from neurogenesis to gliogenesis
(reviewed in Miller and Gauthier, 2007).
Observations that embryonic NPCs
make neurons when cultured upon
embryonic cortical slices, but astrocytes
when cultured upon postnatal slices
pointed to environmental factors regu-
lating this switch during development
(Morrow et al., 2001). Further studies re-
vealed that activating JAK-STAT signaling
by cytokines of the IL-6 family (including
ciliary neurotrophic factor [CNTF],
leukemia inhibitory factor [LIF], and cardi-
otrophin-1 [CT-1]) promoted astrocytic
differentiation. While multiple members
of the IL-6 cytokine family were found to
be capable of inducing glial production,
a recent study identified CT-1 as a key
factor secreted by embryonic neurons
that induces mid-gestation NPCs to
switch from producing neurons to astro-
cytes in vivo (Barnabe-Heider et al.,
2005). Meanwhile, other studies identified
that Notch signaling could also promote
glial production in conjunction with active
JAK-STAT signaling (Miller and Gauthier,158 Developmental Cell 16, February 17, 202007). Finally, cell-intrinsic mechanisms
also modulated NPC responsiveness to
environmental signals. The methylation
state of glial-specific progenitors pre-
vented gliogenesis early in response to
gliogenic cytokines such as CT-1, with
CpG promoter methylation preventing
STAT binding (Takizawa et al., 2001).
Furthermore, conditional deletion of the
maintenance DNA methyltransferase I
(Dnmt1) from NPCs resulted in enhanced
JAK-STAT signaling and precocious
astrocyte production (Fan et al., 2005).
Despite the increasing knowledge about
the role of these multiple pathways
leading to glial development, how these
pathways were integrated remained less
well understood.
In the current study in this issue of
Developmental Cell, Namihira and
colleagues (2009) link Notch signaling
with responsiveness to cytokine signaling
and glial-specific promoter demethyla-
tion. They observed that although CT-1
and other activators of the JAK-STAT
signaling pathway could induce astrocytic
differentiation in mid-gestation NPCs,
NPCs from younger developmental
stages required Notch signaling before
differentiating into astrocytes. Coculture
of E11.5 NPCs (which normally do not
differentiate into astrocytes even in the
presence of LIF) with embryonic cortical
neurons induced Notch-dependent astro-
cytic differentiation. Furthermore, using
retroviral expression of active Notch
(NICD), they showed that Notch signaling
was sufficient to drive astrocytic differen-
tiation in response to LIF treatment.
Expression of the Notch intracellular
domain (NICD) induced demethylation of
the STAT3 binding site within the gfap
promoter, as well as the S100b promoter,
confirming that Notch signaling allowed09 ª2009 Elsevier Inc.for astrocytic differentiation by inducing
the demethylation of astrocytic gene
promoters. Inhibiting Notch signaling
with the g-secretase inhibitor LY411575
in vivo reduced astrocyte differentiation
and increased gfap promoter methylation.
In examining the mechanisms regu-
lating Notch-mediated demethylation,
the authors found that Notch activation
resulted in the dissociation of the
DNMT1 maintenance methyltransferase
from the gfap promoter. Further experi-
ments showed that Notch upregulated
the expression of the NFIA transcription
factor that binds to the gfap promoter,
protecting it from DNMT1 methylation.
Retroviral overexpression of NFIA led to
a dramatic induction of GFAP expression
in infected E11.5 NPCs, while dominant-
negative NFIA inhibited Notch-induced
dissociation of DNMT1 from the gfap
promoter. Examination of other astrocytic
gene promoters including S100b, aqua-
porin4, and clusternin revealed binding
of NFI and promoter demethylation
following Notch activation. Finally, NPCs
from NFIA mutant mice were unable to
differentiate into astrocytes with LIF treat-
ment, while overexpression of NFIA
in vivo in E11.5 NPCs led to early genera-
tion of GFAP positive cells. Together,
these observations suggested that Notch
activation upregulates NFIA, which
inhibits DNMT1 from binding and main-
taining the methylation (and inactivity) of
glial-specific promoters.
What is the source of ligand for
activation of Notch signaling during devel-
opment? Examining the E11.5 cortical
ventricular zone revealed Notch signal
activation in cells adjacent to Neuroge-
nin-1 (NGN-1)-expressing cells. Notch
activation and NGN1 expression
were mutually exclusive, and the
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expressed the Notch ligands
JAGGED1 (JAG1) and DELTA
LIKE 1 (DLL1). Together,
these observations sug-
gested that neuronally-
committed precursors and
early postmitotic neurons
could provide the source for
Notch signaling activation in
adjacent precursors.
This study provides an
elegant mechanism by which
young differentiating neurons
can signal back to NPCs to
influence their development.
Notch signaling enables
STAT transcription factors to
bind glial-specific promoters
by allowing promoter deme-
thylation (Figure 1). Without
Notch signaling, cytokine-
activated STATs are unable
to bind methylated pro-
moters, thereby ensuring
that glial differentiation early
in development is prevented
even in the presence of gliogenic cyto-
kines. A number of questions are stimu-
lated by this study. First, glial differentia-
tion does not occur in vivo at E11.5
despite the presence of Notch signaling;
is there a threshold level or duration of
Notch signaling required to induce astro-
cytic differentiation? Second, how do
other known regulators of astrocytic
development intersect with this model?
How these signaling pathways integrate
with the current findings remains unclear.
For example, in addition to Notch, other
inputs likely regulate NFIA and cytokine
responsiveness; unlike NFIA or cytokine
overexpression (Barnabe-Heider et al.,
2005), active Notch signaling alone does
not appear to be sufficient to drive preco-
cious astrocytic differentiation in E11.5
precursors in vivo (Gaiano et al., 2000).
Indeed, because Notch activity maintains
the radial glial progenitor phenotype, how
is the decision between radial glial
precursor and astrocyte mediated?
Finally, the definitive source of Notch acti-
vating signals remains untested with
in vivo studies, and additional studies
using conditional genetic approaches to
eliminate Notch ligands from NGN1-ex-
pressing cells may provide greater insight
onto their identity. Studies with condi-
tional Notch knockouts may lend further
clarity to the requirements for Notch
signaling and glial differentiation in vivo.
Clinically, recent findings suggesting
that brain tumors may arise from multipo-
tent cells resembling stem
cells (Dirks, 2006) raise the
possibility that under-
standing the molecular path-
ways regulating normal glial
development from NPCs
mayprovide novel treatments
for brain cancers. The find-
ings from the current study
provides further evidence
that the surrounding cellular
microenvironment can influ-
ence the differentiation of
multipotent progenitor cells
during development, and
increasing evidence suggest
that the tumor microenviron-
ment functions similarly to
regulate tumor progression
(Gilbertson and Rich, 2007).
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Figure 1. Differences in Notch Activity Allow CT-1 Stimulation of
JAK-STAT Signaling during the Gliogenic Phase of Development
During theneurogenic phase of early cortical development, bothNotchandCT-1
signaling levels are relatively low (left). The maintenance methyltransferase
DNMT1 maintains the methylation state of glial-specific promoters ensuring
that STAT3 does not bind and activate their expression. As neurons are
produced, they express Notch ligands and produce CT-1, thereby activating
Notch and JAK-STAT signaling in neighboring NPCs (right). Notch increases
the expression of the NFIA transcription factor, which binds the gfap promoter,
causing the dissociation of DMNT1, thereby protecting thepromoter frommeth-
ylation. The demethylated promoter is permissive to STAT3 binding and tran-
scriptional activation.Developmental Cell 16, February 17, 2009 ª2009 Elsevier Inc. 159
